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Introduction
Calcification in cyanobacterial mats is very common from the Precambrian to the Recent, in many types of environments, varying from fresh to hypersaline waters, deep to shallow habitats, and low to high energy. In situ precipitation of calcium carbonate in modern cyanobacterially derived organic matter is a widely documented field, since it is recognized as an important contributor in the formation of microbialites and stromatolites (e.g., Golubic, 1973 , Golubic, 1976 , Krumbein et al., 1977 , Krumbein, 1979 , Burne and Moore, 1987 , Riding, 1991 and Reid and Browne, 1991 , in addition to other "trapping and binding" processes (Logan et al., 1964 and Davies, 1970) . However, in spite of such a large interest, it is difficult to find consensual models relevant to the processes of calcification and organomineral interactions involved. The simplest reason for this is most probably that there is no single model of microbialite formation, which can be possibly a highly convergent fabric.
The study presented in this paper was carried out on modern laminated "kopara type" deposits that have already provided significant evidence of the roles that microbial, cyanobacterially derived organic substrates play in authigenic carbonate precipitation (Défarge et al., 1993 , Défarge et al., 1994a , Défarge et al., 1994b and Défarge et al., 1996 . Several properties of these organic substrates have been shown to facilitate calcium carbonate precipitation: negatively charged, potentially Ca-binding sites at the surface of organic substrates, such as uronic acids and the carboxyl groups of acidic amino acids, or sulfates supported by polysaccharides (Disnar and Trichet, 1981) . In kopara deposits, the increase of Ca 2+ or HCO 3 − concentration, for example through the decomposition of Ca
2+
, Mg
-organic complexes (Trichet, 1967) , or through the mixing with external solutions (such as phreatic reef solutions) already rich in Ca or Ca and Mg (Trichet, 1967 ) also enhances precipitation of calcium carbonate. Additionally in other microbial environments, calcification is known to develop preferentially in close relationship with degrading cyanobacterial mats (e.g., Greenfield, 1963 , Monty, 1965 , as in a wide variety of ecosystems in the presence of decaying tissues (e.g., Berner, 1969 and Sagemann et al., 1999) . An explanation in which the pH rise of solutions in contact with decaying organisms, as well as in decaying cyanobacterial mats, due to the formation of ammonia and basic amines derived from protein breakdown (Berner, 1968 and Berner, 1969) , can be reasonably envisaged. Other factors considered to promote calcification result from the metabolic activity by microbes, such as the decrease of pCO 2 within solutions under a photosynthetic demand (Thompson and Ferris, 1990 , Merz, 1992 and Merz et al., 1995 , the increase of Ca 2+ or HCO 3 − concentration owing to the expulsion of intracellular Ca 2+ or CO 2 out of the cell (Thompson and Ferris, 1990 and Yates and Robbins, 1999) , or sulfate reduction resulting from microbial activity and leading to the release of HCO 3 − in the solution (Visscher et al., 2000) .
Another concept of interest for the understanding of calcification in natural environments is based on the evidence that soluble and pseudo-soluble organic compounds can be inhibitors for calcium carbonate precipitation in organic-rich waters. The term "anti-calcification" is used by Westbroek et al. (1994) to denote the active biological inhibition of random carbonate mineral crystallization in highly supersaturated micro-environments. In this situation, calcium carbonate formation is a consequence of particular conditions fulfilled only when biologically driven, anti-calcification factors are removed. Also in estuarine environments, the organic load within the interstitial solution is considered a determinant factor in the inhibition of calcium carbonate precipitation (Tipping, 1994 , Lebron and Suarez, 1996 , Lebron and Suarez, 1998 and Hoch et al., 2000 . The same effect is known from organic matrices associated with biogenic carbonates produced by many taxonomic groups (Wheeler et al., 1981 , Borman et al., 1982 , Gautret, 2000 and Gautret, 2001 , with the commonly accepted explanation that the calcium-binding ability of selected organic compounds leads to the formation of organic coatings on newly formed mineral surfaces, which prevent further crystal growth (e.g., Addadi et al., 2001 ).
In situ observations of the occurrence or non-occurrence of calcium carbonate formation in the microbial environments of alkaline lakes support the anti-calcifying role of extracellular polymeric substances (EPS) produced by biofilm-forming microbial cells (Arp et al., 1998 and Arp et al., 1999) . According to the authors, EPS has a Ca-buffering effect allowing CaCO 3 microbialite formation only when the buffering capacity by the organic mucilages is exceeded.
The aim of this paper is to provide evidence of the role of the protinaceous constituents of the sedimentary organic matter in the control of (Ca, Mg) carbonate precipitation in modern stromatolitic sediments belonging to the kopara-type. Alternating carbonate-rich and carbonate-poor layers mm to cm thick can be hand separated. Our study is oriented at (1) comparing the amino-acid compositions and physical status (soluble/insoluble) of the organic matter in four components in which this composition is thought to influence calcium carbonate precipitation: sedimentary and dissolved organic matter, external to carbonate minerals and intramineral, soluble and insoluble OM; (2) discriminating the processes of the degradation of organic matter, both out and in carbonate minerals; (3) correlating the biochemical characteristics of protein-rich molecules dissolved in natural pore waters extracted from different sediment layers (either carbonate-rich or -poor), with experimental tests of the efficiency of these same protein-rich molecules as inhibitors of calcium carbonate precipitation.
In previous studies, kopara sediments could not be separated and analyzed owing to the much finer thickness and poor regularity (Défarge and Trichet, 1985) of carbonate-rich and -poor layers. For this reason, previous analyses gave insight only on the properties of the bulk organic matter associated with stromatolitic kopara sediments.
Study area
The atoll of Rangiroa is located N-W of the Tuamotu archipelago, in French Polynesia (Fig.  1A) . It is the largest atoll in the archipelago (78 km × 30 km). The islets emerge generally 2 to 3 m above sea level and bear small ponds (ca. some tens of meters in diameter) containing brackish waters (0‰ to 41‰ salinity in studied kopara ponds) that are infilled with "kopara", i.e., an organo-mineral sediment, resulting from the decay of cyanobacterial bodies and authigenic precipitation of high-Mg calcite (7 to 19 moles MgCO 3 , in most kopara deposits), or, more rarely, aragonite (Défarge et al., 1996) . Pond R9 is located in the N-W part of the atoll (Fig. 1B) . The water salinity in this pond ranges from 20 to 38 ppt . It contains a quasi-emerged external part where the microbial sediments, approximately 30 cm thick, are horizontal and continuous, and an internal, underwater (ca. 30 cm deep) part, in which well individualized, round-headed bodies ( Fig. 2A, B ) result from the dissection by currents of sediments similar to the continuous external sediments. (a, c, e, g ). The former are poor in carbonate precipitates, the latter are rich. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Material and methods
The successive layers of the stromatolite shown in Fig. 2C were scalpel cut and each was prepared for providing separate samples of sedimentary organic matter, pore water, and purified carbonates.
Separation of sedimentary organic matter
Sediment pieces were repeatedly mixed and decalcified with 0.6N HCl in order to remove the carbonates. The residue was rinsed with MilliQ water at pH 6, then lyophilized.
Separation of organic macromolecules dissolved in pore waters
Pore waters were extracted by centrifugation of sediment subsamples. They were filtered (0.45 μm), desalted by ultrafiltration against MilliQ water (Filtron 3 kDa, desalting controlled by conductimetry), and lyophilized.
Separation of purified carbonates
Sediment subsamples were repeatedly mixed in Na hypochlorite in order to disaggregate most of the organic matter in which the carbonate aggregates were entrapped (see pictures in Défarge et al., 1994a , Défarge et al., 1994b . The suspension (of carbonate grains within a residual organic matter) was repeatedly centrifuged and resuspended in order to obtain some grams (out of carbonate-rich layers) or milligrams (out of carbonate-poor layers) of purified carbonates. Carbonate particles were sorted according to grain size and the finest, less than 50 μm, fraction size was kept for analysis. Sieving (> 50 μm) removed the biodetrital, sandy sized, allochtonous particles that could have been introduced in the pond during climatic or tide events. The fine fraction retained for analysis is composed of aggregates of very fine, nanometer-sized, individual Mg-calcite minerals (see pictures in Défarge et al., 1994a , Défarge et al., 1994b .
Separation of soluble and insoluble organic matrices associated with fine-grained carbonates
Fine-grained carbonates were decalcified overnight with acetic acid (pH4 automatically controlled). Solutions were centrifuged and the supernatant containing soluble organic matrices (SOM) were desalted by gel filtration chromatography with a Pharmacia G25C column (detection: UV 280 nm and conductimetry). The SOM were then ultrafiltered (Filtron 3K) with MilliQ water, and lyophilized. The residue of centrifugation contains the insoluble organic matrices (IOM).
Amino-acid analysis
The amino-acid composition of the lyophilized organic samples was determined after 24 h, 110 °C, 6 N HCl hydrolysis under N 2 atmosphere and phenyl-isothiocyanate (PITC) derivatisation by Reverse Phase Chromatography on Hypersil C18 5 μm column, with acetonitrile gradient. The molecular composition was obtained by calculations using peak areas provided by the analyzed solution and the Beckman amino acid calibration kit.
The total amount of soluble proteinaceous compounds (expressed in μg/g fine-grained carbonate or in μg/ml solutions) were obtained by adding the weights of individual amino acids within the samples.
The weight of proteinic carbon atoms can be calculated by adding all carbon atoms provided by individual amino acids, and calculated as a percentage of total soluble organic carbon.
The total soluble organic carbon in centrifuged solutions was obtained by combustion in an automatic (CNHS) autoanalyzer.
In vitro-tests of the influence of organic compounds on CaCO 3 precipitation rate
The influence of the amount and of the nature of macromolecules dissolved in pore waters on the rate of calcium carbonate precipitation was tested with an experimental protocol comparable to that used by Wheeler et al. (1981) , Borman et al. (1982) , and Gautret, 2000 and Gautret, 2001 as follows. A known amount of lyophilized organic compound was added to 3 ml of 30 mM NaHCO 3 . An electrode connected to a recorder was introduced in the tube giving a permanent control of pH variations throughout the test (pH 8.5-8.6 at initial conditions). 
Results
Fig . 2C shows a section of the sample from the internal, underwater part of pond R9 used for our analyses. This section exhibits the alternation of sub-concentric, colored layers (greenish layer b; reddish d, f, h) and whitish layers (a, c, e, g). The colored layers do not contain large amounts of in-situ precipitated calcium carbonate and are hereafter called "carbonate-poor layers". They are composed of microbially derived organic matter (sedimentary OM) and their colors are due to the presence of carotenoidic pigments derived from both cyanobacteria (living at the surface of the head, in a 2-3 mm thick layer) and sulfur-oxidizing photosynthetic purple bacteria that develop between the top cyanobacterial layer and the deeper sedimentary layers (Trichet and Défarge, 1999) . The whitish layers are rich in precipitated carbonates, dispersed throughout the same, microbially derived organic matter as in the colored layers. They are called "carbonate-rich layers" in the following. One thin (1-2 mm) layer, named b′ in Fig. 2C corresponds to detrital biogenic sands that have been introduced into the pond from the lagoonal beach during a storm or a high tide. The individual thickness of both carbonate-rich and carbonate-poor layers is 0.5 to 1 cm. The analyses reported in this paper have been performed on those seven layers, a to g, excluding b′.
In each individual layer a to g (see section, Fig. 2C ), relative amino-acid compositions and occasionally total amino-acid contents were determined in the organic matter of four components in which this composition is thought to influence calcium carbonate precipitation:
sedimentary (Table 1) and dissolved (Table 2) organic matter, external to carbonate minerals and intramineral, soluble (Table 4 ) and insoluble (Table 5 ) organic matrices. 4.1. Nature and amounts of amino acids within the organic matter of sediment fractions
Sedimentary organic matter
Amino-acid compositions (Table 1 ) display strong similarities in sedimentary organic matter of the seven layers analyzed (organic matter of layers f and h were combined because of the lack of material). Aspartic acid (12.7-16.4%), alanine (10.7-15.5%), and glycine (10.1-13.5%) are the dominant residues, followed by glutamic acid (7.8-10.3%), valine (7.9-9.2%), leucine (5.7-10%), histidine (5.6-8%), phenylalanine (4.8-8.5%), and isoleucine (4-6.3%).
Pore waters
The molecular amino-acid composition of dissolved macromolecules isolated from pore waters (Table 2) is dominated by glycine (10.9-17.5%), alanine (10.6-14.3%), aspartic acid (6.2-14.7%), glutamic acid (10.5-12.2%), serine (4.5-10.6%), and phenylalanine (5.2-10%).
Compared to the sedimentary organic matter, pore waters are enriched in glutamic acid, serine, proline and tyrosine, and depleted in aspartic acid. The macromolecules contain only very low concentrations of arginine and histidine (2% or less).
The variations of relative amino-acid compositions are not very important among the different layers, except within the deepest one (g) where the pore water is characterized by the highest concentrations of Gly, Ser, Phe, Glu, and Thr, and the lowest ones of Ala, Val, Leu, Ile, Pro, Tyr, Arg, and His. Table 3 and Fig. 3 show the total organic carbon (TOC) content and the weight of proteinaceous compounds dissolved in the pore waters extracted out each of the seven sediment layers, as well as the organic carbon content associated with amino acids. A very high discrepancy exists between the total dissolved organic carbon and the protein-associated carbon. This means that, from a quantitative point of view, most of the organic matter in the pore waters is not proteinaceous. Non-proteinaceous carbon belongs to organic molecules whose biochemical nature is only partly known. The quantities of proteinaceous compounds exhibit alternatingly high and low values in correlation with the intensity of carbonatation within the layer (Table 3 , Fig. 3 ). Bold characters refer to carbonate-rich layers.
TOC (mg/l), total organic carbon atoms in pore waters; DMM (mg/l), dissolved macromolecules in pore waters; DMM-derived C (mg/l and %), weight and percentage of carbon atoms calculated according to the amino-acid composition of individual dissolved macromolecules; IOM (μg/g), weight of intramineral insoluble organic matrix per gram of carbonate; SOM (μg/g), weight of intramineral soluble organic matrix per gram of carbonate. Table 3 (right) lists the amounts of proteinaceous compounds in the intramineral organic matrix, in insoluble and soluble fractions respectively. The calculated weight of amino acids in the soluble matrix, expressed as μg per gram of carbonate, varies strongly among the successive layers with a concentration pattern parallelling the total amino-acid content in pore waters (Table 3 , Fig. 3 ). The total amount of bulk proteinaceous compounds in the insoluble intramineral organic fraction does not show such a systematic variation.
Carbonates
Soluble matrices extracted from the carbonates (Table 4) reveal relatively homogeneous compositional spectra, dominated first by glycine (12.9-18.2%), and glutamic acid (12.2-21.1%), then by alanine (11-13.4%), and aspartic acid (7.4-13%). Amino-acid molecular compositions of insoluble matrices (Table 5) extracted from the carbonates are all dominated firstly by glycine (14.5-32%), and glutamic acid (6.8-21.7%), then by aspartic acid (3.2-15.2%). They exhibit a range of compositional variation which is much higher than in other organic fractions, i.e., global sedimentary OM (Table 1, In comparison with the amino-acid composition in the soluble matrices, the insoluble fraction turns out to be much richer in glycine and poorer in alanine (Table 5) . Differences are smaller for other amino acids: soluble matrices are slightly enriched in aspartic and glutamic acids, and slightly depleted in leucine, isoleucine, and serine.
Effect of dissolved pore water-macromolecules on the rate of calcium carbonate precipitation in experimental conditions
Macromolecules dissolved (DMM) in pore waters extracted from the four youngest layers (a, b, c, d) were tested for their capacity to induce carbonate precipitation. These layers are the least affected by diagenetic processes, at the same time as being the source of intense (layers a, c) or weak carbonate precipitation (layers b, d). Two test series were carried out with total protein concentrations proportional to concentrations in pore waters extracted from these 4 layers (respectively 10 and 5 times lower than in pore waters, cf. Table 3) . A third series with a constant amount of proteinaceous compounds (10 μg) was used in order to compare the effects on the precipitation of (1) DMM concentrations (Fig. 4A, B) , and (2) different compositions, as those displayed in the different layers (Fig. 4C) . The aim of these experiments was to search for correlations existing between the amount and the molecular composition of dissolved organic compounds on one hand, and the intensity of calcium carbonate precipitation on the other hand. pH variations accompanying in vitro carbonate precipitation or inhibition, in the presence of purified soluble macromolecules are represented in Fig. 4 Graphs A and B (Fig. 4) compare the effects of soluble macromolecules extracted from sediment layers a to d, tested at different concentrations (the quantities used are indicated in brackets on the graphs). These concentrations are respectively 10 ( Fig. 4A) and 5 (Fig. 4B) times lower than the primary concentrations of soluble protein-containing macromolecules (MW > 3 kDa) in natural pore waters. The strongest inhibitory effects are observed in the tests carried out with organic matter in the pore waters of layers b and d, corresponding to carbonate-poor layers, while the weakest inhibitory effects are observed with soluble organic matter extracted from pore waters of layers a and c, i.e., carbonate-rich sediment layers. At two different dilutions of the samples, the test using the highest concentration of organic matter exhibits the strongest inhibitory effect, proving that the quantity of organic compounds plays a key role in the inhibition, or promotion, of carbonatation processes.
The results of the four tests having used 10 μg of these soluble macromolecules extracted from layers a to d are shown in Fig. 4C . The aim of these tests was to compare the influence of the different compositions of these macromolecules on calcificaton. Soluble macromolecules in pore waters extracted from layers b and d carbonate-poor layers) inhibit CaCO 3 formation more strongly than molecules extracted from carbonate-rich layers a and c, proving that the molecular composition of the proteinaceous soluble content has an effect on carbonate precipitation.
Tracing the origin of the carbonate-linked organic matrices
In order to trace the origin of the intramineral organic matter, the amino-acid compositions were compared in comparable fractions within carbonate minerals and in the sediment, i.e., respectively in the insoluble fractions in carbonates versus sedimentary organic matter and in the soluble fractions in carbonates versus sediment pore waters. Among several hypotheses regarding the behaviour of amino acids in the system associating carbonate minerals and organic matter, for example global incorporation or selective fractionation, the basic one is that the organic matter present in the environment where authigenic calcium carbonate is forming, can be trapped within mineral particules during their growth. If so, intramineral soluble and insoluble organic phases should display similar molecular compositions within and outside of the carbonate minerals.
Insoluble organic fractions in carbonates (IOM) and sedimentary organic matter (Fig. 5A)
Acidic amino acids are well represented in both materials, glutamic acid being dominant in carbonates and aspartic acid in the sedimentary organic matter. The distribution of basic amino acids-i.e., arginine and histidine-is also opposite, with arginine being common in carbonate matrices and histidine in the sedimentary organic matter. Glycine, leucine, isoleucine, serine, and proline are incorporated in the IOM of carbonates in much higher proportions than in the sedimentary organic matter, whilst alanine and valine are less concentrated in intramineral IOM than in cyanobacterially derived organic matter. Phenylalanine is quite absent in carbonate IOM. Such insoluble fractions are clearly not similar in carbonates and in the sedimentary organic matter. Fig. 5A also shows that the intramineral IOM is more variable in composition than the bulk sedimentary organic matter, whose approximately constant composition is in keeping with a cyanobacterial origin. 
Soluble organic fractions in carbonates (SOM) and pore waters (Fig. 5B)
If the aspartic acid concentration is similar (but nevertheless variable) in pore waters and in carbonate-linked SOM, glutamic acid is, on the contrary, strongly enriched in the latter. The three basic amino acids, lysine, histidine and arginine, are also more abundant in SOM of carbonates, while valine and phenylalanine are mainly restricted to pore waters. Other aminoacid concentrations (Ala, Leu, Ile, Ser, Thr, Pro, Tyr) do not vary significantly between both soluble phases, out and inside carbonates.
The composition of the intramineral soluble fraction (SOM) differs from that of pore waters, especially with regard to glutamic acid concentration although it is similar to the insoluble organic fraction of carbonates. In contrast to the insoluble fractions, the compositions of soluble fractions are not particularly variable, with the exception of diacidic amino acids (Asp and Glu).
A correct description and interpretation of the fractionation of amino acids in the four identified fractions (intra/extra carbonate, soluble/insoluble) needs, however, to take into account the variations in amino-acid contents resulting, not only from inheritage from cyanobacteria, but also from the diagenetic processes (microbiological, hydrogeochemical, petrographical, structural) under progress in the 5 cm thick sediment.
Tracing the diagenetic evolution of amino acids in the sedimentary profile and carbonate precipitation
The variations with depth of the relative amount of individual amino acids in the four different organic compartments (bulk sedimentary organic matter, pore waters, intramineral SOM and IOM) are illustrated in Fig. 6, Fig. 7 , Fig. 8 and Fig. 9 . The progressive variations with depth (time) are considered to be a function of diagenetic evolution, while variations related with the carbonatation, or non-carbonatation processes parallel to layers, are considered to be a result of actual organomineral processes. 
Sedimentary organic matter
The relative compositions of cyanobacterially derived organic mats are very homogenous over all layers (Fig. 6 ). There is no clear evidence of a regular, increasing loss (i.e., degradation) or enhancement (i.e., secondary production) of particular amino acids through diagenetic processes. As an exception, the variation of aspartic acid content could exemplify the most regular time-dependant increase. For other amino acids, instead of an expected progressive decrease in concentrations, a compositional change intervenes at the limit between the top of the sedimentary body, including layers a, b, c, and the deeper one starting with layer d. Among such amino acids, glutamic acid, arginine and glycine exhibit a higher concentration in superficial layers a, b, c. Inversely higher concentrations of lysine, leucine and isoleucine are observed in the deeper sedimentary body (layers d, e, f + h, g).
Alanine and serine proportions both vary according to a weakly expressed zigzag pattern that is anti-correlated with calcium carbonate.
Pore water-proteinaceous macromolecules
With the exception of aspartic acid, whose concentration varies sharply through successive layers, a general pattern of variation can be traced through the layers, as follows ( Fig. 7) : the slope of variation curves varies weakly across the most superficial (a to e) layers and more strongly, up or downward, in the deeper ones (e to g), suggesting diagenetic effects controlled by time or depth. Amino acids whose concentrations increase with depth, include phenylalanine, serine, glycine, lysine, threonine and glutamic acid. Those showing a depletion include arginine, leucine, isoleucine, valine and proline. The sharp variations of the aspartic acid concentration do not fit with the diagenesis hypothesis but rather reflect a relationship with carbonate precipitation, at least in the most superficial layers a to e. Despite a global decrease, tyrosine and proline have the highest concentrations in calcified layers. The total amount of proteinaceous macromolecules in the pore waters of the sediment layers globally decreases with depth, as for the exopolymer proportion that was found to decrease markedly with increasing depth by Mao . However, this decrease is not regular, the layers where calcification is weak being richer in soluble proteinaceous compounds than the pore waters of carbonate-rich layers (Fig. 3) . In experimental conditions, calcium carbonate precipitation does not start, or starts late and slowly, as shown in tests of carbonate precipitation performed with significant amounts of organic macromolecules purified from pore waters. As a first approach, this result is in agreement with those of previous studies, which showed that carbonate precipitation is inhibited by heavily loaded solutions (Tipping, 1994 , Lebron and Suarez, 1996 , Lebron and Suarez, 1998 and Hoch et al., 2000 . However it is important to note that when the proteinaceous macromolecule concentration correlates with the alternance of carbonate-rich and -poor sediment layers, total organic carbon concentration varies independantly. In a fine scale study (scale in our study is the thickness of one layer, thus approximately 1 cm) organic carbon cannot help in the interpretation of the influence of organic compounds on the calcification process because it includes many non-active biochemical compounds.
Evidence for the implication in calcification processes, even for the controlling capability of protein-containing molecules, is given by the in vitro experiments: at a constant experimental salinity, biochemical characters of extracted natural macromolecules definitely control the rate of calcium carbonate precipitation, including a total inhibition. The concentration of dissolved organic matter is important, but efficiency also depends on the composition of the dissolved molecules, making some proteins extremely active with regard to calcium carbonate formation. This experiment demonstrated the role of amino-acid composition and, in particular, that of diacidic amino-acid contents.
Carbonate-linked SOM
The variation patterns of relative amino-acid concentrations differ much from the preceding ones, with a few number of amino acids whose concentrations are affected by time-dependant diagenesis (Fig. 8) . The concentration of arginine decreases from the surface to deeper layers, leucine, isoleucine and proline increase. Other amino-acids concentrations display variations in clear relation with the occurrence, or the absence, of carbonate precipitation within the layer. Glutamic acid concentration (and to a lesser extent, alanine and valine) increases within carbonate-rich layers, whilst the concentration of glycine and histidine decreases. The concentrations of aspartic acid vary with respect to the carbonate-rich or carbonate-poor facies of the layer, with lower concentrations in the carbonate-rich layers (opposite to Glu variations), except in the layer c which contains an unexplained high concentration. The weaker effect of time-dependant diagenesis on intramineral SOM compared to extramineral organic matter confirms the observation that bound organic matrices are protected against further transformation (Mitterer and Cunningham, 1985) . The most visible change with depth is the decrease of the total amount of SOM, owing to the breakdown of peptide bonds that cause high molecular weight SOM-components to alter to small peptides (Gautret, 2000) . However, this pattern is clearly overlaid by distinct amounts of intramineral SOM in carbonates that precipitated either in carbonate-rich layers, or in carbonate-depleted layers (Fig. 3) . As a matter of fact, the SOM-rich carbonates precipitate in sediment layers where external conditions disfavor CaCO 3 formation, while CaCO 3 that precipitates in carbonate-rich layers is poorer in SOM. The former contains both a higher concentration of Asp and a lower concentration of Glu, compared with carbonate-linked SOM when CaCO 3 precipitates heavily. Distinct amounts of SOM, combined with distinct concentrations of glutamic and aspartic acids, with respect to carbonatation intensity, indicate that external conditions favoring or preventing calcium carbonate precipitation also influence quality and quantity of intramineral matrices resulting from organomineralization processes.
Carbonate-linked IOM
Amino-acid compositions are different in the insoluble fraction of carbonates among the successive sediment layers (Fig. 9) . Acidic amino acids (Glu and Asp) decrease globally with depth, whilst the basic lysine and the neutral glycine increase. However, for these amino acids, as for most of the others, variations in concentrations exhibit well marked contrasts related to the facies of the layers. Carbonate-rich layers are enriched in acidic amino acids (Glu and Asp), lysine, isoleucine and leucine, and depleted in arginine, histidine, serine and proline. Again the reason for such distinct compositions can be ascribed to the different protein and peptide fractionation processes that control organomineralization, together with external conditions that favor or inhibit CaCO 3 precipitation. 
Discussion
In both soluble and insoluble fractions, amino-acid compositions are different in comparable fractions, whether in carbonates or in extramineral organic matter. This suggests that the composition of the intramineral organic matter does not result from the simple entrapment of corresponding fractions out of the sedimentary organic matter. In marine cyanobacterial microbialites from the lagoon of Tikehau atoll (French Polynesia), a difference between amino-acid compositions of extra-and intramineral organic matter was also evidenced (Gautret et al., 2004) . As in Rangiroa, the origin of the specific composition of the intramineral organic matter must therefore be traced to specific processes, such as organomineral interactions leading to the fractionation of amino acids, peptides and proteins in relation to the calcification processes. The efficiency of the molecular fractionation during, and by, organomineralization processes in different cyanobacterial environments of Polynesian atolls, such as lacustrine "kopara" deposits and marine round-shaped domes in lagoons, is evidenced by the specificity of the composition of soluble matrices associated with in situ-precipitated carbonates with regards to amino-acid spectrum. This is illustrated for example, i.e., by the high concentrations of aspartic acid (up to around 30% in SOM associated with carbonates of lagoonal microbialites, Gautret et al., 2004) , compared with the intramineral IOM or with the external, cyanobacterial organic matter.
The variations of amino-acid composition with depth differ in the distinct types of organic matter that compose the kopara deposit, out-and in carbonate precipitates. In the sedimentary organic matter, including degrading cyanobacterial sheathes and associated microbial communities, the distinction between the superfical half of the laminated sediment and the deeper one may be explained by the different taxonomic compositions of microbial communities, consisting in oxygenic phototrophic cyanobacteria in top layers and anoxygenic phototrophs, which sometimes cohabit with anaerobic heterotrophs in the layers below . But the contrast of oxygenic and anoxygenic layers is never sharp in kopara, due to the existence of microniches of one type within the other, in particular of anoxygenic microenvironments within top, oxic, layers (Défarge, 1983) due to the very small permeability to gas and solutions of the organic "cellular" network. Contrasting with our results on protein compositions, the analysis of carbohydrates in different Polynesian kopara ponds (including the pond R9 studied here) by Rougeaux et al. (2001) did not provide any significant difference in exopolymer carbohydrate compositions with depth.
Laboratory experiments of calcium carbonate precipitation in the presence of dissolved organic matter demonstrated the role of amino-acid composition and, in particular, that of diacidic amino-acid contents. Other studies (Gautret, 2000 and Gautret, 2001) showed that the size of such protein-rich molecules is also a key factor, as demonstrated by organic matrices extracted from older samples in a drilled coral core: with lower contents in aspartic acid, high molecular weight protein-rich matrices extracted from 1-to 10-year-old skeletal portions inhibit calcium carbonate precipitation much more strongly than low molecular weight compounds (short peptide chains resulting from the diagenesis of originally high molecular weight proteins) extracted 25 cm below the modern living surface of the colony, despite the fact that these compounds are enriched in acidic amino acids.
We assume that diacidic-protein rich macromolecules dissolved in sediment layer porewaters play a role that compares with those played by soluble aspartic-rich organic matrices in biomineralization processes. A number of explanations for the inhibition of mineralization by organic compounds can be proposed. One explanation is essentially "mechanistic": a heavy load of solubilized, negatively charged molecules adsorbs onto growing mineral surfaces resulting in the formation of an organic coating. This coating exerts an inhibiting effect on crystal growth (Addadi et al., 2001 and Mann, 2001) . A second, "physico-chemical", explanation involves the buffering effect of acidic macromolecules. These are able first to fix Ca 2+ ions, due to their calcium-binding ability, then to discharge free calcium in microenvironments when Ca-complexes demix. Trichet (1967) evoked such processes as being responsible for the carbonatation of "kopara" deposits and other sedimentary bodies on Mururoa atoll. First, calcium available in natural waters is complexed by organic anions derived from the degradation of cyanobacterial organic matter. Second, the biodegradation of these organic ligands, proteins, uronic acids, carbohydrates (Trichet, 1967 and Mao Che et al., 2001) liberates free divalent Ca and the alkaline level increases, leading to calcium carbonate precipitation. Recently again, Stal (2000) and Pearl et al. (2001) stated that freshly synthesized and intact extracellular acidic polysaccharides sequester Ca 2+ by covalent binding to carboxylic groups and can thus inhibit calcification in the immediate surrounding of photosynthesizing cyanobacterial cells. It is expected that this bound Ca 2+ becomes available during the biodegradation of these polysaccharides and that the enhanced free Ca 2+ concentrations are responsible for calcification in conjunction with microbial heterotrophic activity. A parallel mechanism of anticalcification is proposed by Arp et al., 1998 and Arp et al., 1999 . It is based on in situ observations of microbialite formation in alkaline lakes, in association with mucin-like fluids such as microbial extracellular polymeric substances (EPS) surrounding microbial cells and preventing them from lithification. The authors consider EPS as a Ca-buffer whose capacity has to be exceeded before nucleation is possible.
In the succession of sediment layers studied here ("kopara" deposits of Rangiroa), protein-rich macromolecules dissolved in pore waters are associated with conditions that are extremely active with respect to calcification (or alternatively anti-calcification): either they are rich in aspartic acid and highly concentrated in the environmental solution (in that case CaCO 3 precipitation does not proceed), or they are poor in this amino acid and at the same time less abundant (in that case CaCO 3 precipitation proceeds). In this case the different mechanisms mentioned above are most probably working together. Buffering capacity is the strongest when high amounts of aspartic-rich macromolecules are free in environmental solution. In parallel, as soon as calcium carbonate precipitation becomes possible, it is immediately slowed down due to the attraction of these negatively charged proteins by growing minerals, thus creating surface coatings which continue the anti-calcification action.
The consequence of such experimentally based results, as well as the correlation with the actual intensity of calcification in natural sediment layers, is crucial for discussing calcium carbonate balance or the formation of laminations in paleoenvironments. This proves that not only the changes in physicochemical conditions (e.g., evaporation, pCO 2 , pH) or microbial metabolic pathways (e.g., sulfo-reduction) are able to favor calcium carbonate precipitation. Also the depletion, and/or the change in biochemical composition of reactive macromolecules in environmental solutions allow CaCO 3 precipitation, when it is inhibited in comparable supersaturation conditions by solutions enriched with high molecular weight Asp-rich compounds, as part of dissolved organic matter (DOM). The dominant condition, with respect to the global concentration, and the richness in dicarboxylic amino acids, of dissolved macromolecules influences organomineralization processes, so that intramineral organic matrices exhibit distinct biochemical compositions. Due to the preferential preservation of CaCO 3 -bound organic matrices, we assume that amino-acid compositions of intramineral OM may provide usefull biomarkers of past environmental conditions of calcium carbonate precipitation.
Conclusions
(1) Mg-calcite organomineralization in kopara deposits (Pond R9, Rangiroa atoll, Tuamotu archipelago, French Polynesia) is described as a complex process including divalent cation ) complexation by Asp-Glu rich proteins, fractionation of the organic content dissolved in pore waters, and selective surface adsorption of insoluble, cyanobacterially derived organic matter. As a result of this process, fractionated organic matter associated with precipitated carbonates exhibits peculiar amino-acid compositions (soluble, SOM, or insoluble, IOM, organic matrix) which are distinct from those of dissolved or mucilaginous, sedimentary (cyanobacterially derived) organic matter.
(2) Primary biochemical processes prevail over secondary, time-dependant ones, in the processes controlling Mg-calcite precipitation in these cyanobacterially derived sediments. Time-dependant transformations of protein-rich OM, commonly suspected to be the organic fraction the most susceptible to degradation (Hare, 1969) , do not affect significantly the biochemical composition of organic matter in any of the different organic fractions studied. The most important compositional transformations are found in pore waters, however not within the five lately deposited layers, but essentially within the two deepest ones. Instead of other organic fractions (e.g., intramineral and dissolved in pore waters), the greatest compositional variations of sedimentary organic matter occur in the uppermost layer where cyanobacteria are still living, not in the oldest layers. The biochemical composition of intramineral proteinaceous matrices is preserved in all sediment layers.
(3) The key role played by organic molecules in active calcification processes is evidenced both in field and in experimental conditions. These molecules are present in the pore waters in each layer, and they are identified as soluble protein-rich macromolecules containing high concentrations of aspartic and/or glutamic acids, both carrying negatively charged carboxyl groups, which are able to bind dissolved Ca
2+
. The total amount of dissolved protein decreases globally with increasing depth, and clearly shows that deep layer pore water is strongly depleted in such molecules. However, overlaying the global time-dependant trend, the oscillating pattern of concentration in pore waters fits with the alternating presence-or absence-of dense calcification in the sediment. High contents of dissolved, Asp-rich organic macromolecules are found in pore water extracted from carbonate-poor layers. The inhibitor effect of such macromolecules on CaCO 3 precipitation is verified in experimental conditions. Opposite characters typify carbonate-rich layers, i.e., a lower content organic macromolecules dissolved in pore water, a lower concentration of aspartic acid in these macromolecules, a lower inhibiting strength on experimental CaCO 3 precipitation.
(4) Inhibiting processes cannot alone explain the numerous differences between amino-acid compositions of intramineral matrices in highly and weakly calcified layers, when such differences concern both soluble and insoluble compounds. Much higher complexity in organo-mineral interactions actually governs transfers and incorporation of organic compounds into the calcium carbonate lattice. If the high amounts of soluble matrix found within carbonates formed in anti-calcifying conditions (carbonate-poor layers) correspond to those coating mineral surfaces, selective adsorption could occur, for as yet unexplained reasons, resulting in different qualities of intramineral matrices depending on whether calcification processes are intense or not.
(5) The consequence of the inhibition of CaCO 3 precipitation by dissolved organic macromolecules is crucial for discussing calcium carbonate balance or the formation of laminations in paleoenvironments. Furthermore, amino-acid compositions of protected CaCO 3 -bound organic matrices may provide useful biomarkers of past environmental conditions of calcium carbonate precipitation.
